The bacterial flagellum is an organelle that self-assembles outside the cell body. Recent work has uncovered the mechanism for length control of this self-assembly process.
Fundamental to Biology are mechanisms that control size -size of organisms, organelles and macromolecular structures. The bacterial flagellum is an example of a complex organelle that is under constant evolutionary pressure. The bacterium that can build flagella most efficiently and swim towards nutrient sources or away from a toxic substance first would have a distinct survival advantage. The flagellum is a sophisticated nanomachine composed of over two dozens protein components of different stoichiometries ranging from a few molecules to more than 10,000 in the case of the external filament [1] . A remarkable feature of the bacterial flagellum, given that the majority of the machine is constructed beyond the cytoplasm and cell surface, is the incorporation of self-assembly mechanisms to ensure that components grow to optimal lengths [2] . The bacterial flagellum includes an ion-powered rotary motor, complete with rotor and stator, at the cytoplasmic membrane [3] . In Gramnegative bacteria, a driveshaft extends 25 nm from the rotor-stator motor to the cell surface [4] . A bushing complex, which forms at the distal end of the driveshaft, forms a pore in the outer membrane to permit continued growth of the structure outside the cell. From the cell surface a hook-like structure extends from the driveshaft 55 nm followed by the long external filament. The hook acts as a universal joint allowing the rotating filament to push or pull the cell from either end.
Different mechanisms are in play to control the length of the driveshaft, hook and filament. Recently, Cohen et al. [5] demonstrated that the driveshaft length is determined by literally 'hitting the wall' -defined here as the outer membrane. The outer membrane is held to the peptidoglycan cell wall by the action of a protein tether, Lpp [6] [7] [8] , also known as Braun's lipoprotein. Lpp is secreted into the periplasm and cleaved to a final length of 56 amino acids. Cleaved Lpp homotrimers are acylated at an aminoterminal cysteine residue, anchoring them to the outer membrane. In addition, Lpp covalently attaches to the cell wall via carboxy-terminal lysine residues, thus serving to tether the outer membrane to the cell wall. The Cohen et al. [5] study showed that extending the length of Lpp resulted in a correlative increase in both the cell wall to outer membrane distance and the length of the flagellar driveshaft, supporting the conclusion that the flagellar driveshaft length is limited by the distance to the outer membrane.
The length of the flagellar hook, which in Salmonella extends 55 nm from the cell surface, is determined by a secreted molecular ruler/tape measure [9] . The ruler is intermittently secreted during hook polymerization. Once the hook reaches a length of 42 nm or longer, the carboxyterminus of the secreting ruler interacts with the flagellar secretion machinery to catalyze a secretion-specificity switch that prevents further secretion of hook subunits and terminates hook growth.
The mechanism for controlling the length of the long external filament has been the subject of competing models. In 1974, Tetsuo Iino measured the rate of filament growth of the Salmonella flagellum [10] . Earlier, Iino had discovered that incorporation of p-fluorophenylalanine (pFPA) into growing filaments produced a change in the filament curvature, resulting in curly filaments that were visually distinguishable from the normal wave structure. This clever technique enabled Iino to show that flagellin subunits polymerize at the tip of the growing external filament structure rather than at the base as occurs during the assembly of pili [11] . Using this technique, Iino could follow rates of filament elongation after addition of pFPA in relation to the length of the existing filament. He could then compare rates of filament elongation in vivo to elongation of filaments in vitro. Purified flagellin subunits will polymerize in vitro on small fragments of seed filaments, allowing Iino to measure in vitro polymerization rates. Iino observed that flagellar filaments elongated in vitro at constant rates in the presence of excess filament subunits. However, the in vivo rate of filament elongation decreased exponentially with filament length [10] . This led to a model proposing that filament subunits are secreted into the central channel of the structure and diffuse to the tip to fold in place and elongate the filament one subunit at a time. The narrowness of the channel presumably results in the hindered diffusion of the subunits and explained why the rate of elongation would decrease as the filament length increased. In 2006, Jim Keener published a mathematical model for flagellarfilament elongation based on a diffusive process [12] . The model predicted that elongation velocity should be inversely proportional to length, especially for a large length as is the case for flagellar filaments. However, the model only qualitatively fit with Iino's 1974 data, which Keener noted as ''disturbing'' [12] .
This established model for the mechanism of flagellar filament-length control was challenged when new methods became available allowing for easier visualization of flagellar filaments by fluorescent labeling. In 2012, Turner et al. [13] concluded that flagellar filaments do not grow at a rate that decreases exponentially with length, but rather at a constant rate. In this study, existing filaments were labeled with a green-fluorescent label and visualized by fluorescence microscopy. The bacteria were then exposed to shear forces that caused the filaments to break and regrow. By changing the fluorescent coloring to red, Turner and colleagues could measure the rates of new filament growth on broken green filaments. In these experiments filament regrowth occurred at a constant velocity of 13 nm/min.
The following year, Evans et al. [14] proposed an elegant 'chain' mechanism to explain how flagellar filaments could elongate at constant rates, without an energy source, to move subunits through the growing structure. The filament channel is 2 nm in diameter. This is too narrow to allow passage of folded proteins, but could allow for passage of adjacent alpha helices. Filament subunits are secreted starting from the aminoterminus. The chain model predicts that the amino-terminus of a newly secreted filament subunit interacts with the carboxy-terminus of the preceding subunit, already secreted into the channel. When a filament subunit reaches the tip of the filament, the energy released by folding this subunit into place would pull the linked monomeric subunits through the channel for the next subunit to fold into place. Evidence for this model [14] was based on the demonstration of an interaction between hook (FlgE) and filament (FliC) subunits of the Salmonella flagellum through cysteine crosslinking studies. Constructs with cysteine substitutions at both the amino-and carboxy-termini of FlgE or FliC resulted primarily in intramolecular monomeric disulfide bonds, but also some intermolecular disulfide crosslinks between FlgE (or FliC) dimers and faint bands corresponding to the size of trimers and tetramers for FliC.
Two recent publications in eLife, one examining flagellar filament growth in Vibrio alginolyticus [15] and a second study focused on flagellar filament elongation in Salmonella [16] , have refuted the chain elongation mechanism and demonstrate that the velocity of filament growth decreases with length as originally proposed by Iino in 1974. Both studies used real-time fluorescence imaging to follow filament elongation in live cells.
For filament growth in V. alginolyticus, which produce a single, sheathed polar flagellum, Chen et al. [15] took advantage of the fact that the lipid composition of the filament sheath will bind the fluorescent dye NanoOrange, which is virtually nonfluorescent in its unbound state and highly fluorescent after binding the filament sheath. One caveat of this study is that a minimal filament length of 300 nm was required for visualization. Thus, very initial filament growth rates could not be obtained. V. alginolyticus flagella grew at an apparent constant rate of 50 nm/min for filament lengths from 300 through 1,500 nm after which the filament elongation rate decreased rapidly with increasing length to 9 nm/min at 7,500 nm in length. A second caveat of this study is that both filament and sheath are growing simultaneously. Thus, it is not known whether filament elongation or sheath extension is rate-limiting for growth of the combined structure.
For the peritrichous flagellar system of Salmonella, Renault et al. [16] observed a different relationship between filament length and growth rates. These authors placed the flagellar system under an inducible promoter to control the timing of filament initiation and growth. Filament lengths measured by immunostaining at different time points following induction and using a continuous flow immunostaining approach in a microfluidic device showed an initial growth rate of 100 nm/min that decreased with increasing filament length to approach a constant growth rate of 20 nm/min for long filaments (>5 microns). Using a clever, rapid replacement of different colored fluorescent labels to produce 'rainbow flagella' (Figure 1) , the authors could easily follow growth of different filament segments over time with each filament segment added being shorter than the previous segment. The extension of a new segment was inversely proportional to the initial basal-fragment length. Multiple labeling of different fragments over differing time periods provided a wealth of data to test a biophysical model of the filament assembly process.
Renault et al. [16] proposed an injection-diffusion model to explain the dynamics of filament growth in Salmonella by a mechanism of subunit self-assembly following secretion. The bacterial flagellum contains a type III secretion system that couples protein export directly to the energy of the proton motive force [17, 18] . Direct coupling of the proton motive force to secretion allows for the initial fast growth rate (the 'injection' part) that transitions to a growth rate dependent on diffusion as the filament elongates. After incorporating the contributing force of proton motive forcecoupled secretion, which explains an initial fast growth rate, into the 2006 hindered diffusion model by Dr. Keener, the data perfectly fit the predictions for The earlier work by Turner et al. [13] reporting that E. coli filaments grew at constant rates of 13 nm/min was based on filament regrowth after shearing. In hindsight, this can be explained by the Renault et al. [16] injection-diffusion model, since Turner's measurements were extension rates at the ends of broken, long flagella and did not measure initial growth rates of nascent filaments, which the Renault study was able to achieve. The chain model proposed by Evans et al. [14] to explain filament elongation by a constant rate was based on interactions between amino-and carboxy-terminal regions in FlgE (hook) and FliC filament protein subunits through cysteine crosslinking experiments. However, it is known that the amino-and carboxy-termini of FlgE and FliC subunits are directly aligned in an anti-parallel orientation in the final folded conformation in the hook and filament, respectively [19, 20] . Evans et al. [14] failed to demonstrate a parallel orientation of the amino-and carboxyterminal helices as predicted by the chain model. They also argued that the 8 Å cysteine-cysteine spacing could not form between subunits in the assembled hook without testing this possibility. Given the dynamics of hook and filament subunit interactions in structures rotating at speeds of 300 to 1,000 revolutions per second, it would be difficult to assume that a static crystal structure model of hook and filament can accurately represent the dynamic subunit interactions in vivo.
For half a century it was assumed that granule cells use ultra-sparse encoding, but now in vivo calcium-imaging studies have shown that large ensembles of granule cells provide dense signals, which themselves evolve and adapt during training.
Cerebellar granule cells form the densest neuronal layer in the brain and they are critical for motor learning [1] . Their morphology is highly conserved throughout phylogeny [2] . Granule cells have a small cell body with only two to seven dendrites, each equipped with a claw receiving a single mossy fiber input. These mossy fibers are derived from many pre-cerebellar locations, which carry a large variety of signals including sensory, motor, and contextual information [2, 3] . Partly based on this sparse synaptic connectivity, classical theories on cerebellar function have argued that granule cells relay sparse and fixed encodings of sensorimotor signals that could be used for generating specific associative connections at the granule cell to Purkinje cell synapse ( Figure 1A) 
